We detected flavins in the growth medium of the methanotrophic bacterium Methylocystis species strain M. Flavin secretion correlates with growth stage and increases under iron starvation conditions. Two other methanotrophs, Methylosinus trichosporium OB3b and Methylococcus capsulatus (Bath), secrete flavins, suggesting that flavin secretion may be common to many methanotrophic bacteria.
the cells is shown in Fig. S2 of the supplemental material. The growth rates, from an average of biological triplicates, determined for default, iron-starved, and copper-starved growth conditions between 12 and 28 h of growth are 0.043 Ϯ 0.003 h Ϫ1 , 0.014 Ϯ 0.003 h Ϫ1 , and 0.052 Ϯ 0.002 h Ϫ1 , respectively. These values imply that the availability of iron affects the growth of Methylocystis sp. strain M.
We then characterized the amount of extracellular flavins in the spent medium isolated from three different stages of growth. The samples used for quantitation were normalized based on optical density measured at 600 nm. The dry weight and cell length, normalized to the optical density, remained unaffected by growth under different metal concentrations (see S4 ). These observations suggest that the secretion of flavins is dependent on the growth stage and iron availability.
To test this hypothesis, the amount of iron in the default growth condition was increased 3-fold (50 M CuSO 4, ⅐ 5H 2 O, 120 M FeSO 4 ⅐ 7H 2 O). The cells produced reduced amounts of flavins, 0.028 Ϯ 0.008 M compared to 0.050 Ϯ 0.003 M. Increased secretion of flavins was also observed for Helicobacter pylori under iron starvation conditions (21) , and flavin secretion by Shewanella species is correlated with growth stages and oxygen availability (19) .
To determine if the secretion of flavins is common among culturable methanotrophs, we performed similar analyses on the spent media isolated from the type X methanotroph Meth-ylococcus capsulatus (Bath) and the type II methanotroph M. trichosporium OB3b (Fig. 3) . Interestingly, both M. trichosporium OB3b and M. capsulatus (Bath) secreted flavins as well.
To confirm that the flavins detected did not result from cell lysis, control experiments were performed to detect FAD, which is primarily inside the cell (19) . We detected negligible amounts of FAD in M. trichosporium OB3b spent medium and none in that from the other two methanotrophs, indicating that To place extracellular flavins in the context of metal uptake molecules such as siderophores and methanobactins (15, 22) , we performed assays to detect these compounds in methanotrophic bacteria. Assays performed using Fe-chrome azurol S (Fe-CAS) plates on the spent media isolated from Methylocystis sp. strain M and M. capsulatus (Bath) grown under ironstarved conditions indicate that they do not secrete siderophores. M. trichosporium OB3b does secrete siderophores (22) (see Fig. S6 in the supplemental material) , however. Methylocystis sp. strain M secretes methanobactin (see Fig. S7 in the supplemental material), and the purified copper-loaded methanobactin from this species is similar to that isolated and characterized from M. trichosporium OB3b (see Fig. S7 ) (4, 10, 14, 15) .
Riboflavin is capable of metal coordination and in fact has a higher affinity for iron than for any other metal in the IrvingWilliams series (1) . FMN can bind iron and copper (see Fig. S8 in the supplemental material). In Shewanella species, flavins are proposed to chelate iron (17) and to act as electron shuttles that aid in an increased reduction of Fe(III) oxides into Fe(II) for cellular usage and respiration (3, 6, 17, 19) . In methanotrophs, as with methanobactin for copper, extracellular flavins may chelate iron and transfer electrons from surface reductases to insoluble Fe(III) sources (2, 15, 16) . To test if extracellular flavins play a role in iron acquisition, experiments comparing the effects of iron, Fe-FMN, or apo-FMN addition to iron-starved Methylocystis sp. strain M were performed. However, addition of apo-FMN or Fe-FMN did not alter the growth rates (see Fig. S9 in the supplemental material).
In conclusion, our results suggest that extracellular flavins may have a function distinct from those of methanobactin and siderophores. Extracellular flavins may also play a role in the reduction and chelation of other transition metals, such as manganese (17) . Discerning the explicit role(s) of extracellular flavins in methanotrophs will require further investigation, and the link between flavin secretion and metal ion homeostasis in multiple bacteria as well as plants and yeasts (5, 20) represents an important area for future research.
